Recent advances in our understanding of pancreatic carcinogenesis and the tumor microenvironment have enabled the identification of biomarkers that can be used for screening, diagnosis and prediction of therapeutic response, including the response to novel agents targeting specific cancer cell subpopulations.
Introduction
Pancreatic cancer is the fourth most common cause of tumor-related death in the industrialized world [1] . Only 10-20% of pancreatic cancer patients are candidates for surgery at the time of presentation, and <20% of patients who undergo curative resection are alive after 5 years [2] . Despite recent technological and medical advances, no modalities currently exist for early detection of pancreatic cancer. Aside from a few recent articles describing the successful use of chemotherapy [3] , effective treatments for advanced pancreatic cancer, including local and metastatic disease, have not been reported. To improve the prognosis of patients with pancreatic cancer, novel effective screening strategies and treatments are needed.
Intraductal papillary mucinous neoplasm (IPMN) of the pancreas is a distinct entity characterized by massive dilatation of the pancreatic duct, mucin (MUC) hypersecretion and intraductal papillary growth [4] . The histologic spectrum of IPMN is broad, ranging from adenoma to invasive carcinoma. Advances in diagnostic modalities have improved recognition of IPMN in the clinical settings [5] . However, predicting the malignant potential of IPMN before surgical resection is difficult, even if such advanced modalities are used. Therefore, novel diagnostic tools to evaluate the malignant potential of IPMN are needed.
Recent advances in the understanding of pancreatic carcinogenesis and its microenvironment have contributed to the identification of promising biomarkers for screening or diagnosis and the development of novel therapies that target specific subpopulations of cancer cells or stromal cells ( fig. 1 ). Here, we review the clinical significance of biomarkers for pancreatic cancer and IPMN. We also focus on new types of biomarkers based on stromal cells, such as pancreatic stellate cells (PSCs), in the pancreatic cancer microenvironment.
Genetic Alterations as Biomarkers
Many genetic alterations have been reported in pancreatic cancer and IPMN. Mutations of K-ras and p53 are frequently reported as promising biomarker candidates. Inactivation of p53 has been found in 50-75% of pancreatic cancers [6] ; the role of p53 inactivation in
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pancreatic carcinogenesis is well known, but its clinical applicability as a biomarker is unclear. Mutation of tumor suppressor genes, such as p53 , occurs at numerous hot spots, which could make detection of such mutations too complex and time-consuming for practical clinical use. On the other hand, detection of K-ras mutations has been used in a large clinical study, as K-ras mutation occurs at a specific codon (codon 12 or 13) [7] . Several researchers performed the analyses using pancreatic juice; however, this method is reported to have detected K-ras mutation in 38.1-90% of patients [7, 8] . These conflicting data show the difficulty of detecting DNA mutations in clinical practice.
The mutation, deletion or promoter hypermethylation of p16 INK4A was found in 80-95% of pancreatic cancers. The effect of p16 INK4A loss in pancreatic cancer is as well-established as losses of p53 and mutation of K-ras . Such p16 alterations are seen in early-stage pancreatic carcinogenesis, such as pancreatic intraepithelial neoplasia (PanIN) and IPMN [9] . K-ras mutations are also seen in early pancreatic carcinogenesis, including PanIN and IPMN processes [9] . Therefore, detecting such mutations in connection with early pancreatic carcinogenesis would be a promising screening tool. However, developing a practical assay to detect mutations or quantify methylation using blood or plasma would be difficult as few such mutations are present in blood or plasma. Reportedly, genomic alterations of SMAD4 (DPC4) , LKB1 (STK11) and BRCA2 are found in <50, 4-6 and 17% of pancreatic cancers, respectively [10] ; their clinical significance remains unknown.
Telomerase Activity and Human Telomerase Reverse Transcriptase Expression as Biomarkers
Telomerase is an RNA-dependent DNA polymerase and is generally inactivated in normal mature cells. In pancreatic carcinogenesis, telomerase is activated to avoid telomere shortening in tumor cells. Pancreatic cancer cells show high levels of telomerase activity, whereas premalignant lesions, such as PanIN lesions and non-malignant IPMN lesions, only show low levels of telomerase activity. Therefore, telomerase activity is a promising definite or differential marker for pancreatic cancer [11] . We and other investigators have reported on the detection of telomerase activity in pancreatic juice in diagnosing pancreatic cancer [12] . However, clinical use of this marker for cancer diagnosis is currently unfeasible because of the impracticality of evaluating sample quality and because of the difficulties of quantitative measurement. Human telomerase reverse transcriptase (hTERT) is a telomerase subunit, and its mRNA has been suggested as a diagnostic marker. We performed a large-scale analysis of 88 samples of pancreatic juice that included quantitative analyses of hTERT mRNA to differentiate pancreatic cancer from IPMN or chronic pancreatitis [13] . The hTERT mRNA levels were significantly greater in pancreatic cancer-derived juice samples than in IPMNderived samples, which suggested that pancreatic juice analyses based on hTERT expression could discriminate between pancreatic cancer and non-malignant IPMN. However, the data also indicated that hTERT expression analyses were not suitable for differentiating between pancreatic cancer and chronic pancreatitis because lymphocytes isolated from some resected tissues with histologic appearance of pancreatitis also showed relatively high levels of hTERT mRNA expression.
Cancer-Related Molecules as Biomarkers
Microarray analysis is a powerful tool for identifying molecules associated with pancreatic cancer. Microarray data recently revealed that expression of members of the S100 and MUC families increases in pancreatic cancer [14, 15] . Also, many cancer-related molecules, such as growth factors, cytokines and cancer-stromal interaction-related molecules, are reported as prognostic or predictive markers for the treatment of pancreatic cancer. S100 Family S100 family proteins are small Ca 2+ -binding EF-hand-type proteins that affect regulation of several intra-and extracellular processes, including cell proliferation, differentiation and intracellular signaling. Arumugam et al. [16] reported that S100P expression affects cell growth and invasion in pancreatic cancer. We also found that invasive ductal carcinoma cells, PanIN cells and IPMN cells expressed significantly more S100P than did normal ductal cells [17, 18] , which suggests that S100P expression is up-regulated in early pancreatic carcinogenesis. We and other investigators also reported on other S100 proteins -S100A6, S100A2 and S100A11 -and found S100A6 and S100A11 to be up-regulated during early-phase pancreatic carcinogenesis [19] [20] [21] [22] ; quantification of these proteins may help screen or detect pancreatic cancer, whereas S100A2 was a prognostic marker in pancreatic cancer.
Although analysis of S100 proteins in pancreatic juice may have limited utility in discriminating pancreatic cancer from benign neoplasms, it may allow more effective screening of patients with high-risk lesions. Several S100 family molecules, such as S100P, are secreted and measurable from plasma and other body fluids, suggesting that such molecules are potential screening biomarkers.
MUC Family
MUCs are high-molecular-weight glycoproteins. In pancreatic cancer, overexpression of MUC1 and MUC6, and de novo expression of MUC4 and MUC5AC, have been observed at both the mRNA and protein levels [23] . DNA microarray technology has shown that MUC4 and MUC5AC are up-regulated in pancreatic cancer [15] . We also reported that MUC1 and MUC5AC mRNA levels were significantly increased in pancreatic cancer and in pancreatic juice from patients with pancreatic cancer [24] . ROC curve analyses of MUC1 and MUC5AC expression revealed the usefulness of quantifying these two markers for the diagnosis of pancreatic cancer. These data suggest that quantitative analysis of MUC1 and MUC5AC levels in pancreatic juice offers a definitive preoperative diagnosis of pancreatic cancer and possible detection of early pancreatic cancer.
Function-Related Molecules and Personalized Therapy
Many function-related factors, such as epidermal growth factor, insulin-like growth factor, hepatocyte growth factor, fibroblast growth factor, transforming growth factor-1, VEGF, MMP2, MMP7, MMP9, hENT1, Sonic hedgehog and their related receptors, have been reported as potential prognostic or predictive markers for patient survival or therapeutic efficacy in treating pancreatic cancer. Personalized therapies are increasingly used for several types of cancers, such as breast cancer, lung cancer, colon cancer and gastric cancer. Personalized therapy in pancreatic cancer is also promising and the establishment of such a therapy is needed. Gemcitabine is widely accepted as a first-line treatment for patients with advanced or resected pancreatic cancer. However, in advanced pancreatic cancer, the complete plus partial response rate and the disease control rate have been shown to be 8.0-13.5 and 49.2-62.1%, respectively, even with combination treatment arms [3] ; this implies that many patients with pancreatic cancer do not benefit from gemcitabine-based combination therapies. Predictive markers are thus needed to select patients most likely to benefit from therapies based on gemcitabine or other drugs. Research on gemcitabine resistance has identified several candidate markers, including genes related to gemcitabine metabolism and transport, such as those for deoxycytidine kinase, ribonucleotide reductase and human equilibrative nucleoside transporter-1 [25] .
Recently, several drugs, such as S1 and capecitabine, were reported to have significant therapeutic effects as effective as gemcitabine in treating pancreatic cancer. Personalized therapy based on predictive markers could provide a more appropriate treatment for specific subsets of patients with pancreatic cancer.
MicroRNAs as Biomarkers
MicroRNAs (miRNAs) are small noncoding RNA gene products of approximately 22 nucleotides that are found in a variety of organisms. Although the biologic functions of most miRNAs are not yet fully understood, they are apparently involved in various biologic processes, including cell proliferation, cell death, stress resistance and fat metabolism, through regulation of gene expression [26] .
Increasing evidence indicates that miRNAs are mutated or differentially expressed in many cancer types. Especially, miR-21, miR-196a-2, miR-155, and miR-210 in pancreatic cancer significantly correlate with poor prognosis [27] [28] [29] . Furthermore, microarray-based miRNA profiles have identified miRNAs that are differentially expressed in pancreatic cancer [27] . We also performed microarray-based miRNA profiling and identified 24 candidate miRNAs that were up-or down-regulated in gemcitabine-resistant cells [30] . Our results showed that patients with 'high' miR-142-5p and miR-204 expression had significantly longer survival than those with 'low' miR-142-5p and miR-204 expression in the gemcitabine-treated group, but not in the non-gemcitabine-treated group; these data suggest that miR-142-5p and miR-204 predict chemotherapeutic responses in patients with resected pancreatic cancer.
Stromal Biomarkers Based on Pancreatic Cancer Microenvironment
Pancreatic cancer is characterized by excessive desmoplasia, in which extracellular matrix and the number of cells that express α-smooth muscle actin increase [31] . Desmoplasia contributes to aggressiveness in pancreatic cancer and to resistance against traditional therapies through tumor-stromal interactions [32] . Recently, PSCs have been identified as the principal source of the excessive matrix in chronic pancreatitis and pancreatic adenocarcinoma [33] . Soluble factors secreted by activated PSCs also promote malignant phenotypes and resis-tance to gemcitabine or radiation therapy in pancreatic cancer cells [34] . Previous research focused on the role of cancer stem cells in various cancers; cancer stem cells comprise a very small population of cancer cells that can initiate and sustain tumor formation [35] , whereas myofibroblasts and mesenchymal cells isolated from various human tissues, including PSCs, exhibit similar phenotypes based on their cell surface markers. However, specific PSC phenotypes with different functions remain unknown. Recently, we focused on such PSC heterogeneity and found, using in vitro and in vivo experiments, that PSCs have functional heterogeneity similar to cancer stem cells; PSCs that express CD10 (a 90-110-kDa zinc-dependent cell surface metalloproteinase) are the leading cell population in promoting pancreatic cancer [36] . We also found, using immunohistochemical analyses, that stromal CD10 expression in PSCs is significantly associated with poor prognosis in pancreatic cancer. These data suggest that CD10 expression in PSCs is a prognostic predictor for pancreatic cancer patients, and that CD10+ PSCs are a promising target for novel therapies to control desmoplasia.
We also reported on another PSC phenotype, based on CD271 expression [37] . CD271 (nerve growth factor receptor or p75NTR) is a neurotrophin receptor that has been implicated in paracrine growth regulation of several neuronal and non-neuronal tumor types [38] . In the pancreas, CD271 expression in PSCs has been detected [39] ; CD271+ PSCs were frequently observed on the periphery, rather than the center, of pancreatic tumors. High stromal CD271 expression was associated with a good prognosis (p = 0.0040) [37] . We also found that stromal cells were strongly stained for CD271 around PanIN and IPMN lesions. These data imply that CD271+ PSCs appear at early-stage pancreatic carcinogenesis, and CD271+ PSCs have different roles from CD10+ PSCs, such as defense against cancer. Findings based on stromal phenotypes in the pancreatic cancer microenvironment may lead to the discovery of new biomarkers for cell-specific management of pancreatic cancer ( fig. 2 ).
Conclusion
Identifying biomarkers for the diagnosis of pancreatic cancer is more difficult than identifying its prognostic or predictive markers because of the use of small samples obtained preoperatively, such as pancreatic juice or fine needle aspiration samples. Identification of screening biomarkers is also much more difficult because of the use of blood, serum or stool. Recently, we have been investigating analysis of duodenal juices to establish a new screening method. Duodenal juice is collected more easily than pancreatic juice because it is not necessary to insert a cannula into the pancreatic duct, and it more directly contains materials related to pancreatic lesions than do blood, serum or stool. Therefore, duodenal juice is a promising modality for pancreatic cancer screening.
Several genetically engineered mouse models have been developed for pancreatic cancer which facilitate the study of the pancreatic microenvironment. Tumors in these models cause desmoplasia similar to that seen in human pancreatic cancer. These models also enable analyses of pancreatic carcinogens because of similarities between murine and human PanIN.
We hope that ongoing projects will provide novel findings regarding biomarkers associated with pancreatic carcinogenesis and its microenvironment.
